Résumé. 2014 Abstract. 2014 In aqueous concentrated solution, DNA forms cholesteric liquid crystalline phases whose textures were previously analysed. The transition between the isotropic and the cholesteric phase occurs generally with formation of cholesteric spherulites which grew inside of the isotropic phase and coalesce to give a homogeneous cholesteric phase (first order transition). Here is described with the same polymer, a higher order transition between the isotropic and the cholesteric phase. This evolution was arbitrarily divided into five steps that we called the precholesteric stages. We propose a geometrical interpretation of this evolution : three helical structures are introduced in the three directions of space. The proposed model does not present any discontinuity in the molecular orientations, the only possible singularities being + 1 and -1 disclination lines. The organization of these polymer structures present numerous similarities with the blue phases made of small liquid crystal molecules, namely double twist and defrustration.
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J. Physique 48 (1987) [1] [2] [3] [4] , polypeptides (PBLG) [5, 6, 4] and polysaccharides (xanthan) [7, 4] as with small synthetic molecules such as MBBA twisted by addition of cholesterol benzoate and PAA [4] .
Besides, a comparative analysis of these numerous kinds of spherulites was presented previously [4] .
We are particularly interested in the study of liquid crystalline polymers and namely those of biological interest and we observed in DNA the occurrence of other ways to reach the cholesteric organization. These evolutions occur without formation of a definite interface between the isotropic and the cholesteric phase. Two kinds of structure will be considered as precholesteric structures. The first one, observed in DNA and encountered with numerous polymers is referred as the banded structures.
The transformation of such structures into cholesteric ones was never followed but we show that nothing prevents this evolution to occur, at least in theory. The second evolution was followed in func- [8, 9] .
The transition described here in DNA is surely not specific to this molecule but more probably another way for long polymers to reach the cholesteric organization. The reasons which determine the occurrence of this higher order transition instead of the first order one (with formation of spherulites) will be discussed as well as the conditions required to make this evolution possible.
Moreover, the structure of these precholesteric states will be compared to those described in the blue phases. Indeed, these two systems present numerous similarities namely double twist and defrustration. However, blue phases were obtained with small liquid crystal molecules whereas precholesteric stages concern long polymers.
Material and methods.
Calf thymus DNA (Merck) was solubilized in 15 mM
Tris-Cl-buffer pH 8 and sonicated to obtain short fragments. This method was described previously [3, 8] . The Resembling patterns were observed in hexagonal liquid crystalline phases of polymers [9] (Fig. 8) . In this case, the cholesteric axis lies parallel to the helicoidal axis of the chiral smectic C structure but we never observed this transition. On the other hand, we follow the reverse evolution from cholesteric to « chiral smectic C » in certain biological structures made of DNA. Indeed, in the stallion sperm nucleus, DNA is highly condensed into a quite dehydrated structure [19] . Biochemical treatments permit to decondense this structure into a helicoidal one which was shown to be analogous to a chiral smectic C organization (without layers) [19] . Patterns resembling those described here were first reported in kevlar (an aramid fibre) [10, 11] and also in thermotropic and lyotropic liquid crystalline polymers [12] [13] [14] [15] [16] [17] . They are produced by shearing processes and they form when the solution is relaxed. Molecular orientations are also described as sinusoidal or helicoidal in these domains and these textures remain under discussion at the present time.
In our preparations of DNA, these patterns are probably not produced by shearing forces ; they appear in a few days from the isotropic phase and they can remain stable a long time. (Fig. lla) . This organization produces cords with an alternation of oblique bright and dark bands whose orientation changes from one cord to the next one (Fig.11b) . This pattern was observed sometimes in our preparations. It remains to explain the organization which occurs in the thickness of the preparation and which is revealed by changes in the molecular orientation observed when the focus plane is changed. We propose the existence of a third helicoidal axis h3 normal to the preparation plane. The molecular orientations obtained by this way must be analysed in the whole preparation volume. They are given in figure 13 in certain section planes normal to the cord direction. We note the formation of cylindric cholesteric rods and the three-dimensional structure is more easily perceived if we follow the axes of these bundles. They form two families of intertwined sinusoids which are included into two families of orthogonal planes. These sinusoids have the same period (a) and amplitude (3/8a). They are more clearly observed in section planes parallel to the preparation one, at levels 0 and ± a/2 (Fig. 14a, b) .
Section planes parallel to the cord axes are presented in figure 15a , b. The underlined sinusoids do not correspond to the structures previously described in sections normal to the cord axes.
Indeed, each section plane parallel to the cord axis will present the same pattern (with a translation) and this sinusoid is not therefore the axis of a cholesteric bundle.
The true sinusoids are therefore associated by pairs and their distribution is given in figure 16 in a perspective view. The elementary cell of the lattice is a cube of side (a). However, sinusoids do not correspond to the patterns observed in our preparations since we described helicoidal cords but two intertwined sinusoids may be considered as two particular lines running at the surface of a helicoidal cord (Fig. 17) . The twist is always left-handed between the sinusoids of one pair (and also between with D is a factor introduced to have I n I = 1 ; /3 and u are two parameters ; p and q are the two periods of the structure along y and z. This corresponds to a rectangular unit cell of edges p and q.
Initially, f3 = u = 0 and therefore D =1. This corresponds to the cholesteric structure expressed by equations (2) . Passing from j8 = 0 to p =1, one gets a rectangular array of disclinations + 1 and -1 with continuous cores. Now, changing g from 0 to 1 transforms continuously the director into that of figure 12. However, there is little doubt that these simple equations are solutions minimizing the energy of the system, which is highly complex. These equations correspond to patterns similar to those of figure 12 , with their symmetries. The parameters f3 and &#x3E; express the possibility of continuous changes of a director distribution within a single homotopy class. Fig. 12 ), after the introduction of the three helicoidal organizations hl, h2 and h3. The axes of concentric cholesteric rods are underlined. They form two families of intertwined sinusoids : one is lying in the section plane and the other one is normal to this plane and therefore alternatively in front of (thick lines) and behind the plane (dotted lines). The pairs of sinusoids are localized at levels 0 and -a along CD, and at level -a/2 along AB. Fig. 12 ). The sinusoids underlined by dotted lines do not correspond to the axes of cholesteric rods since patterns obtained in all sections parallel to D will be the same excepting a slight lateral displacement. The intertwining of two sinusoids strongly supports the hypothesis that molecular orientations are continuous in the bulk. This is verified by the study of section planes passing through these regions (Figs. 13, 15 ). However, we observe that certain domains present a right-handed helicity (for example the line AB at the level 0 and the line CD at the level ± a/2 (Fig. 14) ) when we always introduced a lefthanded helicity along h1, h2 and h3 (2) . These righthanded helicoidal domains are nevertheless strongly reduced to small regions by the left-handed choles-(2) DNA is a right-handed helix which is known to form left-handed cholesteric phases, at least in vivo [19] . teric strands. The important point is that this organization is continuous everywhere, without any singular point.
In this model, the organization is different in successive levels like in our preparations. However (b) . range packing of these cylinders was ignored. Their three-dimensional tubular structure is probably related to the structure described here.
A few ideas will be retained here as a conclusion :
1. A helicoidal organization of molecules is a favourable situation to produce a cholesteric order and three possibilities may be considered :
(i) Alignment of molecules form helices as in « chiral smectic C » the structure being however nematic, without any layering and this structure transforms directly into a cholesteric one. However, this evolution, which probably occurs with small liquid crystal molecules, is nearly impossible with polymers on account of their high viscosity.
(ii) A three-dimensional helicoidal organization of molecules produces a cholesteric organization in the bulk with formation of concentric cholesteric cords.
(iii) Small (Fig. 18) .
The two last processes (ii and iii) probably work together to produce the cholesteric liquid crystalline phases of DNA in our preparations.
2. The analysis of textures presented in this work supports the hypothesis that molecular orientations are continuous in the bulk. The only possible defects are + 1 and -1 disclinations lines. All these defects do not present any discontinuity of the molecular orientations in their core.
3. The occurrence of the precholesteric evolution described in this work seems to be related to different parameters, the more important one being the length of the molecules. Indeed, small DNA fragments (146 base pairs) give cholesteric spherulites in equilibrium with the isotropic phase for an appropriate rage of concentration (23) whereas long DNA molecules (150 to 5 750 base pairs) follow preferentially the precholesteric evolution (cholesteric spherulites were difficult to obtain with these DNA fractions). This is also true for other molecules such as xanthan, a polysaccharide which is secreted by a bacteria. This polymer is known to form cholesteric liquid crystalline phases in concentrated solution [7, 24, 8] and very beautiful cholesteric droplets are observed at the transition between the isotropic and the cholesteric phase [4] . However, we recognized precholesteric states with xanthan of high molecular weight (about 980 000) (3) . We think therefore that the precholesteric organization is a general way for long polymers to reach the cholesteric organization. 4 . This organization presents numerous analogies with the blue phases described with small liquid crystal molecules [25] . They both correspond to precholesteric stages and they are defrustrated structures. However, all the models of the blue phases contain defects with singular distributions of molecules whereas this one does not. The differences observed between these phases are probably due to difference in molecular length between small liquid crystal molecules and long polymers. This problem of frustration in polymers was considered theoretically by K16man (26, 27) . 5 . Such precholesteric evolutions are probably involved in many morphogenetic processes in biological structures which are mainly composed of long polymers. Besides, a helicoidal organization is frequently observed in chromosomes [28] [29] [30] [31] and such analyses would probably be useful in the understanding of processes involved in the condensation of chromatin into chromosomes.
